The role of anisotropic thermal diffusivity on tearing mode stability is analysed in general toroidal geometry following similar techniques to Glasser et al [A H Glasser, et al, Phys. Fluids 18 (1975) 875], although a stronger ordering of the plasma compressibility is required. Resistive layer equations are obtained for a resistive MHD model with anisotropic transport of pressure. A dispersion relation linking the growth rate to the tearing mode stability parameter,  , characterising the external ideal MHD region, is derived. By using a resistive MHD code modified to include such thermal transport to calculate tearing mode growth rates, this dispersion relation is employed to determine  in situations with finite plasma pressure that are stabilised by favourable average curvature when using a simple resistive MHD code. We also demonstrate that the same code can be used to obtain the basis-functions [C J Ham, et al, Plasma Phys.
Introduction
The stability of tearing modes in resistive MHD is very sensitive to the presence of a pressure gradient at the resonant surface [1] . Thus, in toroidal geometry with favourable average curvature (i.e. when the resistive interchange stability parameter, R D , is negative, as can occur in a tokamak) there is a strong stabilising effect at high Lundquist number, S. This is commonly known as the 'Glasser effect' [2] and leads to a critical value, crit  , of the tearing mode stability parameter,  , characterising the external ideal MHD region, for instability. This stabilisation is due to the pressure perturbation associated with sound wave propagation. One might therefore expect thermal transport effects in the vicinity of the resonant surface to play an important role in determining the pressure perturbation. Indeed their role has been investigated by Lutjens et al [3, 4] . They found that a length-scale, . The stabilisation described by this off-set is much less than that from the Glasser effect at high S. This suggests that resistive MHD codes, such as MARS-F [5] , investigating tearing mode stability should incorporate thermal transport with realistic values for χ ⊥ and χ  , as has been implemented in the XTOR code [6] .
While there is certainly an interest in exploring such a model, though it is somewhat simplistic in its physical reality, as a plausible description of resistive modes in plasma, it can also be introduced into resistive MHD codes to extract a value for  in toroidal geometry [7, 8] . This is the main thrust of the present work. Calculation of  , which characterises the external ideal MHD region and is independent of the physics of the internal resistive region, is important because the physics of the resonant layer model for hot tokamaks will require a kinetic theory description rather than simple resistive MHD. Thus one needs to combine such a resonant layer description with matching to the value of  , which can be obtained using the resistive MHD model. One approach is to use a known analytic dispersion relation relating the growth rate of the tearing mode obtained from the resistive MHD code to  in order to determine the latter. Of course this method is limited if Glasser stabilisation renders the mode stable [7] . Another approach [8] is to construct basis functions from a resistive MHD code. However, the physics inherent in the Glasser effect shields the resonant surface, preventing construction of a large solution in the sense of Newcomb [9] , and negating this approach. A third method is to artificially flatten the equilibrium pressure gradient at the resonant surface with a localised axisymmetric perturbation to it, and develop an analytic relationship between the values of  , with and without this perturbation, the former value now no longer susceptible to the Glasser stabilisation [10] . Since the shielding is related to the effect of the plasma response in the presence of an equilibrium pressure gradient, this last approach suggests a role for thermal transport in modifying this in the vicinity of the resonant surface.
To make full use of a toroidal resistive MHD code with thermal transport included, it is necessary to establish the precise relationship between the growth rate and  in completely general geometry, as [7] . If one wished to relax the condition on R D when 0 H  , a numerical treatment, analogous to that in Ref. 11, would be necessary. The replacement of Glasser stabilisation by the offset in  also has the consequence that the shielding of the resonant surface that prevents the application of the basis function approach also disappears.
In Section 2 we develop the general equations describing the resonant layer including resistivity and anisotropic thermal transport, generalising the approach of Greene and Johnson [12] . The calculations behind the results in Sections 2 are quite lengthy, but closely follow those laid out in Ref. 12 , respectively. Rather than repeat these calculations at length we merely describe the essential points and emphasize the differences arising from the inclusion of thermal transport coefficients. Some details are presented in Appendix A. In Section 3 we generate the analytic dispersion equation including finite values of H, following the methodology in Ref. 2 , emphasizing the differences arising from the inclusion of thermal transport. The simpler special case with H = 0 is presented in Appendix B. The implications for applying the basis function approach for determining  are discussed in Section 4, while the application of these various ideas in a fully toroidal resistive MHD code like MARS-F [5] appears in Section 5. Finally we draw conclusions in Section 6.
The Resonant Layer Equations
We adopt non-orthogonal Hamada co-ordinates, ζ and θ V, , where V is the volume within a flux surface and ζ and θ are angle-like variables increasing by unity after one turn about the torus the short way and the long way round; the Jacobean is unity. The equilibrium magnetic field is written as
where χ(V) and ψ(V) are the toroidal and poloidal fluxes, prime denoting a derivative with respect to V and the scalar pressure is P(V) . Similarly the current can be expressed as
The plasma model adopted consists of the single fluid momentum equation, Ohm's law and an equation of state including anisotropic thermal conduction.
where p is the pressure, v is the plasma velocity,  is the ratio of specific heats and S(V) is a source.
The source plays a role in determining the equilibrium pressure, P(V), through the equilibrium
, but plays no part in the equation for the perturbed pressure, p δ . These equations are linearized, with perturbations described in terms of the plasma displacement, ξ , the perturbed magnetic field, b and p δ . The linearized equations are: (6) where the time variation of all variables has been written as exp (qt).
We represent the displacement and perturbed magnetic field in the form . An ordering scheme based on a small resistivity is introduced:
and the dependent variables are expanded as D [13] , and 'average curvature', R D :
We emphasize that the appearance of the ratio It is interesting to note that the toroidal enhancement of inertia, represented by the quantity 0
M when 0 χ ||  , disappears when 1 χ ||  .
In the transport dominated limit:
, eqn. (14) reduces to the simpler form:
or, introducing a new scale-length,
We shall consider this situation in the additional limit 
The Dispersion Relation for H Finite
The dispersion relation for the tearing mode results from matching the solution of the inner resistive region equations to the external ideal MHD solutions. It involves the tearing mode stability parameter   that represents the jump in the ratio of small and large solutions [9] across the resonant surface.
These solutions behave as . In leading order eqns. (12) and (13) 
so that in the present ordering they are no longer independent. To obtain an independent equation we differentiate eqn. (13) 
First we must discuss the nature of the solutions of eqns. (12), (18) and (24) at large X for matching to the ideal region. One is given by
however, it is necessary to make  an order larger in  to identify the other solution:
This solution for  fails to match to the ideal solutions (21), (since
but consideration of an intermediate region enables a smooth matching. Thus, in solving the resonant layer equations we need to identify the components corresponding to the asymptotic forms (25) and (26).
We return to the solution of the resonant layer equations; the lowest order terms in eqns. (12) and (18) We can therefore follow the same solution procedure to obtain 0 12 
To obtain the other power-like behaviour at large z (i. e. large X), we must consider eqn. (24) which becomes 
However this fails to generate the solution (26). The part of the solution for 0 ()  that does produce the necessary powers in z is given by
This follows from eqn. (68) 
where 21 F is the hyper-geometric function [15] , setting Ξ can be written as
where
We note the appearance of two distinct powers of
To obtain the complete solution for Ψ(z) we require (z) Ψ (1) . In first order, eqns. (12) and (14) yield
Solving these for large X we obtain, in terms of z,
The external ideal MHD solution has the form we finally obtain the dispesion relation It might therefore be conjectured that the value of Δ has also been altered by the role of strong parallel thermal conduction. We now show that this is not the case by examining solutions of an equation of state dominated by parallel thermal conduction rather than compressibility: , where we have invoked the solubility condition on this magnetic differential equation [17] . Since
. Integrating once again,
, where we set the constant of integration to zero as the perturbations depend on ζ and θ . This is the same result as standard ideal MHD so that it leads to the same value for Δ . This argument assumes that q L χ 2 c ||  , where c L is the connection length and q the growth rate, and depends on our transport model which acts on pressure rather than, more realistically, on temperature. However, since our main interest is to use the model as a device to calculate  , these considerations are not an issue for this purpose.
Calculations of Δ from the Dispersion Relation using the MARS-F Code
We have calculated Δ for a toroidal equilibrium which is stable due to the Glasser effect in the resistive MHD model for 9 
S 
, by replacing the equation of state in the MARS-F code with the one including transport processes. In the limit that transport dominates one can take the growth rate 
Basis-functions
In an earlier publication [8] a method for calculating   in a torus using a set of basis-functions to be obtained from a toroidal resistive MHD code was described. In the simplest case of one resonant surface this involved constructing, as a stationary solution of the resistive MHD code, a small solution with its set of accompanying harmonics emerging from its resonant surface, the resonant harmonic having unit slope and the other harmonics zero slope. Each harmonic of this solution has finite amplitude at the wall. We associate with this solution a second basis-function, the 'response' solution, which is calculated by imposing zero amplitude on all harmonics at the magnetic axis and the values of the original small solution at the wall; the harmonics are allowed to reconnect (i.e. they are continuous) across their resonant surfaces. Subtracting these two solutions yields a solution satisfying the appropriate boundary conditions, from which one can calculate   as the ratio of the jump in the small solution across the resonant surface to the amplitude of the large solution there. The method readily generalises to multiple resonant surfaces.
Unfortunately the approach is only satisfactory when there is zero pressure gradient at the resonant surface because otherwise, within a resistive MHD model, the stationary response function is shielded from the resonant surface and one cannot identify an amplitude for the large solution there. Including thermal transport effects in the toroidal resistive MHD code can be expected to resolve this problem as the response solution can penetrate to the resonant surface, essentially for the same reason that Glasser stabilisation has been removed.
To see this we consider the stationary limit, 0 Q  , of eqns. (12)- (14) 
Discussion and Conclusions
In this paper we have obtained a set of resistive layer equations in general geometry when anisotropic transport of pressure is included, generalising the approach of Glasser et al. An important point is that there is now an 0(1) effect on the plasma compressibility, compared to the 0   2 ε one in the resistive MHD model. There are two ways in which these equations can be exploited. Firstly, they can be considered as a description of real plasma. However there are limits to their validity for such applications. In reality thermal transport acts only on plasma temperature and not density, so assuming constant density and applying this transport model to plasma pressure is over-simplistic. The density response should involve the propagation of sound waves: indeed this is the mechanism underlying the Glasser stabilisation; furthermore the increased role for compressibility mentioned above will become more important. Thus our transport model, which totally eliminates the Glasser stabilisation of simple resistive MHD, is too extreme and the truth lies somewhere in between. Other limitations on the transport model are: (i) that hotter tokamaks lie in a regime where collisional transport is better described by a long mean-free path, neoclassical MHD model [6] ; (ii) that one can expect turbulent perpendicular transport due to fluctuations with radial extents exceeding the narrow resistive layer widths to be present; and (iii) diamagnetic effects have been neglected in our equations. Thus our model contains a heuristic element.
The second application, and the main thrust of this work, is to use the model equations in a modified resistive MHD code merely as an artificial device to extract information on the tearing mode parameter  . For this purpose the equations no longer need to be physically realistic, rather they only need to modify the resistive layer response in a way that removes the Glasser effect, so that the above concerns are not an issue.
With this background in mind, in the limit The first two terms have the appearance of a modification of the two terms in Ref. 2 which describe the influence of the interchange mode, but now has the feature that these transport processes undercut the Glasser stabilisation that is present in toroidal plasma with favourable average curvature and a finite pressure gradient at the resonant surface. This has the positive aspect that it means one can use this dispersion relation to determine a toroidal  from tearing mode growth rates produced in a toroidal resistive MHD code incorporating transport of pressure, without the problem that Glasser stabilisation prevents their growth. However there remains the stabilising off-set from the third term. This leads to the tearing mode stability criterion (taking H = 0, for simplicity)
In a large aspect ratio tokamak we note that, using results in Ref. 18 , but recalling that the toroidal enhancement of inertia is supressed when The analysis above was entirely concerned with linear theory. However it is well known that related thermal conduction effects play a key role in non-linear neo-classical island growth [19] , defining a critical island width for growth given by
The use of the dispersion relation (50) to determine  from the growth rate calculated by the MARS- In summary then, we have investigated the effect of anisotropic thermal transport on the stability of tearing modes, obtaining a dispersion relation relating the growth rate to  in general toroidal geometry. In the limit that transport effects dominate the equation of state the stabilisation due to the Glasser effect is greatly reduced. This enables one to determine  by using a resistive MHD code, such as MARS-F, adapted to include thermal transport, to calculate the growth rate in a wide range of situations which would be stable due to the Glasser effect. In addition the same version of MARS-F can be used to calculate suitable basis-functions for calculating  , since the transport effects allow penetration of the required response function at the resonant surface and evaluation of the large solution there. The application of these two methods has been demonstrated for a toroidal equilibrium with favourable average curvature, obtaining close agreement between the two methods. Thus these methods provide an alternative method, or device, for determining  in toroidal geometry, complementing other approaches [7, 8] . Of course, the dispersion relation (50) also describes the effect of physically relevant values of anisotropic thermal diffusivities on tearing mode stability.
Appendix A: Aspects of the derivation of the tearing mode equations
In this appendix we indicate the modifications arising from the addition of thermal conduction in the equation of state to the procedure carefully displayed in Appendix B of Ref. 12 that we used to obtain the resonant layer equations (12) - (14) . We closely follow the notation of Ref. 12 and frequently refer to the equation numbers of that appendix.
The key difference is to recognise that ξ .  must be allowed to have a contribution in ) (1 0 for consistency with the thermal conduction model. The requirement from the induction equation that Imposing the periodicity condition in ζ provides an expression for ζ / δp (4)   . Finally, in ) ε ( 0 4 we obtain, after annihilating (6) δp by averaging over ζ , 
 
; it is by equating these that we obtain a form for 
